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Abstract: In order to strengthen the leaching procedure, the chemical processes of leaching rare earths (RE) from the weathered crust
elution-deposited rare earth ore were investigated frow the viewpoints of kinetics, hydrodynamic and mass transfer. The results show
that the leaching hydrodynamics follows the Darcy law. The leaching kinetics can be described by the shrinking core model; the
leaching process is controlled by diffusion of porous solid layer; and the mass transfer can be described with Van Deemter equation.
This provides a theoretic basis and a scientific approach with high efficiency and optimized extraction conditions in industrial

practice.
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1 Introduction

The weathered crust elution-deposited rare earth
ores only exist in China[1], mainly located in Jiangxi,
Fujian, Hunan, Guangdong, Yunnan and Guangxi
province[2], and are the main resources of mid-heavy
rare earth (RE) in the world[3].

For a long time, many efforts have been engaged in
the research and development of a series of
hydrometallurgical processes for the specially weathered
crust elution-deposited rare earth resources[4]. The
research has shown that the rare earth in the weathered
crust elution-deposited rare earth ore mainly exists with
the ion phase adsorbed on clay minerals[5], which can be
leached by ion-exchange method based on the adsorbed
characteristics of rare earth ions[6].

The leaching effect is not only controlled by the
properties of the rare earth ore, but also influenced by the
kinetics, hydrodynamics and mass transfer of the
leaching operation[2, 7—8]. In order to know the rare
earth leaching procedure, choose the more suitable
technology and strengthen the leaching procedure, the

kinetics, hydrodynamics and mass transfer of leaching
rare earths (RE) from the weathered crust
elution-deposited rare earth ore were investigated in this
work. It would be useful to providing a scientific
approach to and a theoretic basis for leaching rare earth
from this ore with high performance and low
consumption, and can be applied to optimize the rare
earth extraction conditions and to improve the rare earth
recovery in the extraction process[9—10].

2 Leaching chemistry in weathered crust
elution-deposited rare earth ore

RE in the weathered crust elution-deposited rare
earth ore mainly exists as the ion-exchangeable phase
adsorbed on clay minerals. Because of this property,
ion-exchange leaching is the only method to extract RE
from this type of ore[l1]. The weathered crust
elution-deposited rare earth ore mainly contains quartz,
potash feldspar, plagioclase, kaolin, white mica, whose
chemical composition is SiO, 70%, A1,0; 15%, K,O
3%—5%, Fe,O3 2%—3%, CaO 0.2%-0.5%, MgO
0.1%-0.3% and other impurities. The RE grade is very
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low being only 0.05%—0.3%. The clay minerals can be
regarded as nature inorganic ion-exchanger. RE was
adsorbed by aluminosilicate mineral which can be
described as [ALSiOs(OH)4],»nRE*" for kaolinite,
[AI(OH)eSi,05(OH)3],nRE**  for  halloysite, and
[KAL(AISi;0,0)(OH),],,-nRE*" for muscovite.

RE ions would be exchanged when this ore is
leached with electrolyte solution, similar to the
ion-exchange procedure. When meeting cation,
ion-exchange reaction will occur. Therefore, the RE
adsorbed can be released from the clays into the slurry in
the presence of electrolyte solution. The Ileaching
chemical reaction can be described as[12]:

[ALSi,Os(OH),],»nRE*(s)+31nNH,' (aq)=
[ALSi,05(0H),], (NH,)s,(s)+nRE* (aq) (1)

[Al(OH),Si,05(OH);],, nRE**(s)+31NH, (aq)—
[AlI(OH)S1,05(0H)3],"(NH, )3,(s)+nRE* (aq)  (2)

[KAL(AISi;0,0)(OH), ], nRE* (s)+3nNH, (aq)—

[KAILy(AISiO5010)(OH),],-(NH, )3,(s)+nRE* (aq) (3)

3 Leaching hydrodynamics of weathered
crust elution-deposited rare earth ore

Weathered crust elution-deposited rare earth ore is a
kind of unconsolidated granular-bed. The RE leaching
process is affected not only by ore properties and
concentration of leaching agent, but also by
hydrodynamics, kinetics and mass transfer of the
leaching operation. The leaching hydrodynamics of a
certain heavy weathered crust ore and a kind of middle

heavy weathered crust ore were studied systematically[8].

According to the Darcy law, the permeability o is

o= 2L

FAp “)

where O, n, L, F, Ap are the velocity of leachate liquid
flowing, the kinematic viscosity of leaching agent
solution, the packing ore height, the cross-sectional area,
and the pressure difference, respectively.

The permeability with the packed porosity (p) for
various particle size of the weathered crust
elution-deposited rare earth ore is shown in Fig.1.

As shown in Fig.1, the permeability is not only

related to ore granule size, but also to the packed porosity.

The smaller the ore granule size is, the less the
permeability will be because the fluid channels become
narrower and more flexuous with the smaller particle
size of the ore.

The permeability of the weathered crust
elution-deposited rare earth ore is affected by the
concentration of leaching reagent due to the solution

viscosity. The velocities of leachate liquid flowing (Q)
changed with the concentration of leaching reagent under
various pressure differences (Ap) are calculated in Fig.2.
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Fig.2 Relationship between Q and Ap under different
concentrations of reagent

As shown in Fig.2, the relationship between Q and
Ap follows the Darcy law. The higher the concentration
of leaching reagent, the less the leachate liquid flowing
velocity at a certain pressure difference, because the
higher the concentration of the leaching reagent, the
higher the fluid viscosity (7(6%(NH,),S04)=0.939 5 Pa-s,
7(4%(NH4),S04)=0.917 7 Pa-s, #(2%(NH4),S04)=0.874 9
Pa-s, 7(H,0)=0.851 3 Pa-s).

4 Kinetics of leaching RE from weathered
crust elution-deposited rare earth ore

The study on leaching kinetics of this ore aids to
strengthen the leaching procedure and improve the
leaching effect. The RE leaching from the weathered
crust elution-deposited rare earth ore is a typical
liquid-solid leaching process, which can be described by
the shrinking-core model, as shown in Fig.3, when the
ore particle is regard as spherical type[13].
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Fig.3 Tllustrative diagram of leaching process (a Non-leached
particle of rare earth ore; b Remainder of solid; ¢ Diffusion
region of solvent; Cy Concentration of leaching reagent in fluid
phase; C; Concentration of leaching reagent on surface of
particle; C. Concentration of leaching reagent in region of
reaction; 0, Effective thickness of diffusion region; and d,
Thickness of solid remainder)

The leaching kinetics can be subdivided into
outer/inner diffusion and chemical control model. When
more than one step limits the leaching kinetics, this
process is considered to be mixed controlled[14].

Attempts were made to fit all experimental data
with different kinetic models and various rate-controlling
mechanism. The kinetics equation is obtained by try and
error method[15]. A series of straight line can be
obtained with plotting 1—(2/3)a—(1-a)*” vs ¢ shown in
Fig.4 at different leaching temperatures for the weathered
crust elution-deposited rare earth ore. It follows the inner
diffusion control model[16].

Therefore, the kinetics equation can be expressed as

1-(2/3)a—(1-a)**=kt 5)

where £ is the linear rate constant; and o is the rare earth
leached fraction.
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Fig.4 Plots of 1—(2/3)a—(1—a)** vs time for weathered crust
elation-deposited rare earth ore at different temperatures

A series of straight line can also be obtained with
plotting 1—(2/3)a—(1-a)** vs t shown in Fig.5 under
different particle sizes of the ore. This further proves that
the leaching process is controlled by inner diffusion.
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Fig.5 Plots of 1-(2/3)a—(1-a)** vs time for weathered crust
elution-deposited rare earth ore with different particle sizes

According to Arrhenius equation, it is represented
as

k=Ar exp(—R—l;) 6)
where k is the rate constant; 4’ is the pre-exponential
factor; n is the leaching reaction grade number; ry is the
initial radius of the ore sample particle; n is the order of
the ore particle size; R is the universal gas constant; 7 is
leaching reaction temperature; and E is apparent
activation energy.

The k values of leaching process at different
temperatures were calculated from these slopes of the
straight lines given in Fig.4. The E value of leaching
process can be obtained from the slope of straight line in
the Arrhenius diagram (plots of Ink vs 1/T), which is 9.24
kJ/mol. This also proves that leaching process is
controlled by inner diffusion for its activation energy is
between 4 kJ/mol and 12 kJ/mol[17]. n and A’ can be
calculated from the straight line slope for relationship
between Ink and Inry with different particle sizes, which
are —1.29 and 1.50, respectively. Then, the kinetics
equilibrium equation can be obtained as

. 9240
k=0.53-r%% ex ——) 7
"o P RT (7

5 Mass transfer in leaching of weathered
crust elution-deposited rare earth ore

The mass transfer in leaching of the weathered crust
elution-deposited rare earth ore had been studied with
chromatographic plate theory[2]. The effects of the
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flowrate (U) on the height equivalent to a theoretical
plate (HETP) were investigated for various ores packed
column height (L). The results are shown in Table 1.

As shown in Table 1, the higher the HETP, the
stronger the mass transfer diffusion and the worse the
leaching efficiency.

The effects of the particle size of ore on the height
equivalent to a theoretical plate (HETP) were calculated
with experiment data under different particle sizes of ore.
The results are listed in Table 2.

According to Van Deemter equation[18], there is

H:A+£+CU ®)
U

where H is the height equivalent to theoretic plate; and 4,
B, C are the parameters related to chromatographic
efficiency. 4 is the radial diffusion and vortex diffusion
coefficient, which represents the peak width changing
with the uniformity of ore packing and reflects the
intensity of channel flowing phenomenon in leaching
process. B is the lengthways coefficient. The smaller the
leaching flowrate, the higher the B/U value or the
stronger the lengthways diffusion. C is the mass transfer
impedance coefficient, which is caused by flowing
impedance for the leaching reagent and product
distributing between liquid and solid phases and is
affected by the leaching chromatographic efficiency.
Therefore, the quicker the leaching flowrate, the larger
the mass transfer impulse.

As can be noted from Table 2, the HETP increases
with increasing the particle size of ore, because in Van
Deemter equation the larger the dj, or the 4 (=2/d,), the
higher the HETP.

The mass transfer in leaching of the weathered crust
elution-deposited rare earth ores is described with Van
Deemter equation. The results are shown in Fig.6.

As seen from Fig.6, the HETP decreases with
increasing the flowrate at initial step, but when the flow-

1.2

1.0}

0.8

0.6

HETP/ecm

0.4

77, Hy=BIU

- Hy,

e — l t .
0 0.2 0.4 0.6 0.8 1.0
U/(mL-min™")

Fig.6 Plot of HETP vs various U for weathered crust
elution-deposited rare earth ores

rate surpasses a certain value, it begins to increase in
latter step.

The results show that for the same ore and the same
leaching reagent, there is an optimum flowrate in the
leaching process. In industrial practice, when the
flowrate is too rapid and the ore particle size is too large,
the “channel flowing” phenomenon will happen. When
there are fine particles of ore and huge content of clay in
ore, the ore becomes pasty in pool. The flowrate
becomes too slow, and then the leaching reagent and
leaching product diffuse difficultly because a layer of
fine slurry formed on surface of the ore[9]. The leaching
chromatographic efficiency and the RE recovery are
worse relatively.

According to properties of the ore, the leaching
efficiency can be improved with the optimum flowrate
and ore particle size. Besides, not only is RE
concentration of the leachate increased with less leaching
reagent and leachate, but also the impurities would not
be leached during the RE leaching[19].

Table 1 HETP under various flowrates for weathered crust elution-deposited rare earth ore

Sample No. U/mL'min") L/cm  Retention volume/mL  Peak width at half-height/mL  Number of plates HETP/cm
T-7 0.16 20.0 156 52 49.9 0.40
T-8 0.23 18.0 130 39 61.6 0.29
T-1 0.43 21.0 154 55 43.4 0.48
T-5 0.62 19.0 160 66 325 0.64
T-6 1.01 19.0 162 90 17.9 1.06

Table 2 HETP under different particle sizes for weathered crust elution-deposited rare earth ore

Sample No. Particle size of ore/mm L/cm Retention volume/mL Peak width at half-height/mL. Number of plates HETP/cm

T-12 <0.435 18.0 150
T-13 0.425-0.850 19.0 140
T-14 0.850-3.350 22.0 130

50 49.9 0.36
53 39.2 0.48
55 31.1 0.71
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6 Conclusions

1) The leaching hydrodynamics on the weathered
crust elution-deposited rare earth ore shows that the
relationship between leachate liquid flowing velocity and
pressure difference follows the Darcy law. The higher the
concentration of leaching reagent is, the less the
permeability is.

2) The leaching kinetics on the weathered crust
elution-deposited rare earth ore can be described by the
shrinking core model. The leaching kinetics is controlled
by diffusion of porous solid layer. The apparent
activation energy is 9.24 kJ/mol, and an empirical
equation of the leaching kinetics is established as

9240)
RT )

3) The mass transfer in leaching of the weathered
crust elution-deposited rare earth ore could be described
with chromatographic plate theory. The effects of the
flowrate on the height equivalent to a theoretical plate
have been analysed with Van Deemter equation.

4) The kinetics, hydrodynamic and mass transfer in
leaching RE from the weathered crust elution-deposited
rare earth ore provide a theoretic basis and a scientific
approach with high efficiency and low consumption for
this ore, which can be applied to optimize the RE
extraction conditions, improve the RE recovery and
inhibit impurities leaching in extraction process.

k=0.53-7,"% ~exp[
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